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Abstract 
This review presents the theory of 
solute transport across frog skin, epithe-
lial cells of the intestine, the kidney 
tubules, and other similar systems. This 
theory is a part of a broader theory of 
the living cell, called the association-
induction hypothesis. 
The central pumping mechanism is the 
cyclic activity of a sponge-like cytopla-
smic protein(s), which alternately sop-up 
(by adsorption) the solute being trans-
ported and squeeze it out again (by de-
sorption) into the cytoplasmic water at a 
high concentration level. The uptake phase 
begins with the adsorption of ATP on key 
cardinal sites of the protein involved; 
the release phase is triggered by the 
desorption of ATP through its dephosphory-
lation during a transitory activation of 
an ATPase. 
The theory recognizes the different 
nature of the two surfaces of the epi-
thelial cells and assigns to each a key 
role in the active transport. The surface 
facing the "source solution" has a higher 
permeability to the solute being trans-
ported, while the surface facing the "sink 
solution" has a low permeability to the 
solute. This asymmetry in permeability 
insures that the solute sopped up by the 
cytoplasmic protein(s) comes primarily 
from the source solution. Depolarization 
of the water of the cell surface facing 
the sink solution (but not that facing the 
source solution) insures that the solute 
released into the cytoplasmic water during 
the squeezing phase leaves the cell only 
through the opposite surface as that where 
the solute has entered the cell. 
Key Words: active transport, all-or-none 
phenomenon, association-induction hypo-
thesis, ATP, ATPase, cardinal adsorbent, 




In the conventional membrane pump 
theory, postulated pumps located in the 
cell membrane maintain the asymmetrical 
distribution of ions and other solutes 
within muscle, nerve and erythrocytes, as 
well as the transport of solutes across 
intestinal epithelium, kidney tubule 
epithelium, frog skin and other similar 
systems (Bittar, 1970; Giebisch et al., 
1978-1979). 
In an alternative theory of the 
living cell, called the association-induc-
tion (AI) hypothesis (Ling, 1962; 1969; 
1984; 1990b), solute distribution within 
the cells, and solute transport across the 
cells are regarded as two different types 
of physiological manifestations (Ling, 
1984, Chap. 11, 17). 
Anatomically speaking, muscle, nerve, 
erythrocytes and other similar cells all 
possess a single type of cell membrane and 
are referred to as unifacial cells. Frog 
skin, intestinal and kidney-tubule epithe-
lial cells, on the other hand, possess two 
different types of cell membranes, one 
facing the "source solution" of the solute 
being transported and the other facing the 
"sink solution" into which the solute is 
transported. These cells are referred to 
as bifacial cells (Ling, 1984, p. 585). 
From the viewpoint of physiology, 
selective accumulation and exclusion of 
solutes in all resting cells (unifacial 
and bifacial) represent equilibrium pheno-
mena. Exclusion is due to size-dependent 
reduced solubility of the solute in polar-
ized cell water; accumulation is due to 
selective adsorption of the solute on 
intracellular proteins and other macromol-
ecules. As in all other equilibrium pheno-
mena, solute exclusion and accumulation in 
resting unifacial and resting bifacial 
cells do not require a continual expendi-
ture of energy (Ling, 1969; 1977; 1981b; 
1984 p. 319; 1988b, 1990b). 
In contrast, steady transports of 
solutes across bifacial cells do require 
energy expenditure. Indeed, a theory of 
active transport across bifacial cells, 
based on the fundamental principles of 
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the AI hypothesis, was briefly presented 
in 1965 under the name, "cooperative 
adsorption-desorption pump" (Ling, 1965), 
and was presented in full 16 years later 
(Ling, 1981b; 1984, p. 585). It is this 
theoretical model that I shall outline 
here, choosing as an illustrative example 
the active transport of Na+ across frog 
skin from pond water with a low concentra-
tion of Na+ to the frog's tissue fluid 
already containing a high concentration of 
Na+. 
To facilitate the presentation of the 
theory of active transport, updating of 
our knowledge about (1) the nature of the 
cell membrane, (2) the physical state of 
cell water and cell K+ (and other alkali-
metal ions), and (3) the role of ATP in 
the control of the the physical states of 
cell water and ions is required and will 
be our next subject of discussion. 
The Nature of the Cell Membrane 
Despite widespread teaching, there is 
extensive evidence that the cell membrane 
is not a continuous phospholipid bilayer 
punctured by small and rigid pores, which 
act as mechanical sieves in allowing the 
passage of either K+ or Na+ ions during 
cell excitation but are closed during rest 
(see Ling et al., 1967; Ling, 1973; Ling 
and Ochsenfeld 1986; Ling 1990b, Chapter 
9) • 
Abundant evidence collected over the 
last 30 years supports the view that most 
active cell membranes (e.g., those of 
nerve, muscle, egg, inner membrane of 
liver mitochondria) contain large areas or 
domains of intensely polarized water 
(Ling, 1984, Chapter 12; Ling 1990b, 
Chapter 9). These domains are under the 
domination of the electric field of fixed 
ions (e.g., {3- and ~-carboxyl groups). The 
intensely polarized water serves as an 
efficient size-dependent selective barri-
er. Or in more figurative terms, a functi-
onal sieve. Thus even though a polarized 
water-filled domain may be many times 
wider than the diameter of the largest 
solute being investigated, the permeabili-
ty of this and other solutes through such 
a domain is, nonetheless, highly size-
dependent. The permeability is high for 
small solute molecules; it is low for 
large solute molecules (Ling et al., 1967; 
Ling, 1953; 1960; 1962, p. 285; 1973; 
1984, p. 99, p. 377; 1986; 1987; 1990b, 
Section 9.2.1.). 
Since most of the solutes being 
actively transported across bifacial-cell 
layers tend to be large in size--and this 
includes the hydrated ions like K+ and 
Na+; for them, the intensely polarized 
water of the cell surface domains usually 
acts as a barrier, albeit not an absolute 
one. With random traffic of the solutes 
reduced thus to a minimum for these sol-
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utes, the key role of the fixed ionic 
groups is sharpened and enhanced. I t. is 
these fixed ionic groups that offer the 
fine tuning in deciding which solutes are 
allowed to enter the cell (and at what 
rates) and which ones not, as will be made 
clear in the following sections. 
(1) Polarity of the fixed ion vs. 
that of entrant (or exiting) solute. The 
fixed ion facilitates the entry of solutes 
bearing the opposite electrical charge (as 
that of the fixed ion) and inhibits that 
of solutes bearing the same electrical 
charge. Thus the passage of K+ is facili-
tated by a fixed anion like a {3- or- ~-
carboxyl group; passage of c1 · is inhibited 
by the same (Ling, 1962, p. 294; 1984, p. 
99). Fine tuning in selectivity among 
entrant (or exiting) ions of the same 
electric charge depends on the electric 
charge density or c-value of the fixed 
ionic groups to be described next. 
(2) c- (or c'-value) of the fixed 
ionic group. Acetic acid has a high acid 
dissociation constant ( or pK.=4. 7) while 
trichloroacetic acid, though possessing a 
similar carboxyl group, has a very low pK. 
(< 1.0). pK.'s represent the different 
interaction energies between the (vari-
able) fixed ionic groups and an (unchang-
ing) specific ion, H+. The underlying 
cause of this different interaction energy 
resides in the carboxyl groups and is 
expressed as the c-value. The carboxyl 
group of acetic acid has a high c-value; 
the carboxyl group of trichloroacetic acid 
has a low c-value (Ling, 1960, p. 155; 
1962, p. 57; 1984, p. 155). Roughly speak-
ing, a high c-value carboxyl group has a 
higher electron density at its carboxyl 
oxygen atom than a carboxyl group with a 
low c-value. Similarly, high c'-value 
represents higher positive charge density 
at a fixed cationic site (e.g., €-amino 
group). 
Theoretical calculations have led to 
the conclusion that as the c-value of a 
carboxyl group varies, the relative ad-
sorption energy for a pair of monovalent 
countercations changes. As shown in Figure 
1, with the steady increase of the c-value 
of a carboxyl group, the preference for K+ 
over Na+ at low c-values declines until at 
very high c-value, the preference is 
reversed. Na+ is then preferred over K+ 
(Ling 1960; 1962, p. 74; 1990b, Section 
6. 2. 4.) . 
Having introduced the c- and c' value 
concepts, I shall next present a diagram-
matic illustration of the mode of entry 
(or exit) through a fixed ion-dominated, 
polarized water-filled domain at a cell 
surface (Ling 1984, p. 396). 
Figure 2 illustrates two routes of 
entry of a monovalent cation into a living 
cell via a fixed anion-dominated water 
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Fi gu re 1 . Rel ation between calculated as-
soc i at i on en er gy of various monovalent 
cat i ons (H+, Li +, Na+, K+, NH4 +, Rb+, and 
cs + respectivel y from the top) and c-value 
of the anionic groups . Polari z abil i ty of 
anionic group (a) is 2 . 0 X 10 ·24 cm3 [From 
Li ng, 19 62) 
domain: saltatory route through the i nten-
sely polarized water is i n general unfa-
vorable to the traffic of large hydrated 
ions like K+ and Na+. For these monovalent 
hydrated cations, the p r eferred route of 
entry i s the adsorption-desorption route 
(Ling 1962, p. 297; 1984, p. 398; 1990b, 
section 9.2 . 2.). That i s, an entrant 
cation must first adsorb onto the fixed 
anion before its final desorption and 
entry into the cytoplasm. For a fixed 
carboxyl group of low c-value, K+ would 
enter the cell readily by this adsorption-
desorption route, while Na+ entry would be 
facilitated only modestly if at all, 
because in the presence of the ubiquitous, 
competing K+--which is highly favored by 
the low-c-value carboxyl group (see Figure 
1)--Na + has little chance of successfully 
competing for and occupying the surface 
fixed anion. Failure to occupy the fixed 
anion precludes entry (or exit) of Na + by 
this route. On the other hand, if the 
surface carboxyl group has a high c-value, 
then Na+ entry would be greatly facilita-
ted while that of K+ would be slow for a 
similar reason. An important underlying 
cause for this type of selectivity is the 
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Figure 2. Diagrammatic illustration of the 
two routes of ion entry into a living cell 
and other model fixed-charge - systems. 
Shaded area represents a microscopic 
portion of the surface of a fixed charge 
system in which four fi xed anions are 
represented. Route 1 is the saltatory 
route through space between the fixed 
charges and usually filled with intensely 
polarized water . Route 2, the adsorption-
desorption route, involves a sequence of 
three steps: adsorption, libration around 
the fixed anion, and desorption. [From 
Ling and Ochsenfeld (196 5 ) by pe r mi ssion 
of Bi oph ys i cal Journal]. 
existence of the water in the surface 
domains in an intensel y polari z ed state. 
Howe ver, if the polarized water at 
the cell surface should suddenly become 
de polarized, there would be a large in-
crease of non-specific permeability of the 
cell surface. How such a sudden depolar-
ization of cell water can be brought about 
will be discussed in the next section. 
The adsorbed state of water. K+ and Na + 
in resting cells; their control by ATP 
According to the AI hypothesis, the 
bulk of water in a resting cell is ad-
sorbed. It is adsorbed not singly but as 
polarized multilayers on the exposed NH 
and co groups of a matrix of (certain) 
intracellular protein ( s) assuming the 
fully extended conformation (Ling, 1965; 
1972; especially, "Answers to Questions" 
p. 264 to 268 in Ling and Hu 1987: Ling 
1990b, Chapter 5). 
At least a fraction of every intra-
cellular solute exists in the free state, 
dissolved in the polarized cell water. The 
remainder is adsorbed on cellular proteins 
and other macromolecules. In most resting 
cells, the bulk of cell K+, for example, 
is adsorbed, because there is an abundance 
of~- and l-carboxyl groups in all living 
cells maintained at a low c-value and 
therefore, prefer K+ strongly over Na+. 
However, there are also other~- and l-
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carboxyl groups in the cells that have 
high c-value; they preferentially adsorb 
Na+ over K+. 
Both water polarization and selective 
K+ or Na+ adsorption require ATP (and its 
"helpers", see Ling 1990b, Section 
8.4.2.4.) occupying key cardinal sites on 
the protein involved. The theory of the 
control by ATP (and other cardinal ad-
sorbents) of water polarization and selec-
tive K+ and Na+ ion adsorption can be 
presented more easily with the help of a 
simple model (Ling, 1962, p.252; 1977; 
1984, Chapter 10). 
If a handful of iron filings are 
scattered near a chain of loosely-tethered 
iron nails, nothing much happens. However, 
if as shown in Figure 3, a large magnet is 
brought into close contact -with the end of 
one of the terminal nails, a chain event 
will occur. The magnet polarizes the first 
nail, which in turn polarizes the next 
nail and the process repeats itself a 
number of steps further. With the magnetic 
polarization of the soft nails, the iron 
filings are also affected.In stead of 
their original random distribution, they 
now are attracted to the nails and assume 
a more ordered distribution. 
If now the large magnet is suddenly 
removed from the end of the nail chain, 
the nails as well as the iron filings will 
return to a more random configuration . 
According to the AI hypothesis, the 
ATP control of water and ion adsorption 
diagrammatically shown in Figure 4, paral-
lels this macroscopic nail-iron filing-
magnet model, but with the following 
differences: 
(1) Electrical polarization (or 
induction) takes the place of magnetic 
polarization; 
(2) Protein polypeptide chain is the 
equivalent of the loosely tethered nail 
chain; 
(3) Water molecules and K+ and/or Na+ 
are the equivalents of the iron filings; 
and 
(4) ATP acts in a similar role as the 
big magnet . 
Thus adsorption of ATP on the cardi-
nal site on the cell protein initiates the 
electrical polarization of the protein 
chain leading eventually to its unfolding. 
That is, from its original "internally 
satisfied" conformation (e.g., a-helical, 
~-pleated sheet secondary structure; salt-
linkage stabilized tertiary structure) the 
protein reorganizes itself in an all-or-
none manner into an open, exposed confor-
mation. It is in this open conformation 
that the protein(s) adsorbs water as 
polarized multilayers on the exposed NH 
and CO groups of its polypeptide chains, 
and adsorbs K+ and/or Na+ on its now un-
masked ~- and -y-carboxyl groups (for 
details see Ling, 1984, p.206; Ling and 




Figure 3. A. A chain of soft iron nails 
joined end-to-end with pieces of string is 
randomly arrayed and does not interact the 
surrounding iron filings. B. The approach 
of a magnet causes propagated alignment of 
the nails and interactions with the iron 
filings [From Ling (1969), by permission 
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Figure 4. Diagrammatic illustration of the 
control of all-or-none autocooperative 
transition of a cell protein by the ad-
sorption of ATP (and its "helper" protein 
X). The transition is from a "self-satis-
fied" non-adsorbing conformation shown in 
A to an exposed conformation shown in B, 
adsorbing both ions (X+, y ·) singly on side 
chain carboxyl groups and water in polari-
zed multilayers on the backbone NH and CO 
groups of fully extended polypeptide 
chains. [From Ling, 1990b]. 
Two basic postulates in the cooperative 
adsorption-desorption model of active 
transport of Na+ 
The theory of cooperative adsorption-
desorption model of active transport is 
built on several fundamental postulates. 
The two most important postulates are 
briefly described along with supportive 
experimental evidence. 
(1) The cell surface facing the 
outside (apical surface) has a much higher 
Active Transport Across Bifacial Cell Systems 
permeability to Na+ than the cell surface 
facing the inside of the frog (basal 
surface). 
Koefoed-Johnson and Ussing (1958) 
made the observation that the basal sur-
face of frog skin shows much higher perme-
ability to K+ than to Na+, while the con-
verse is true at the apical surface. While 
I agree with these authors' conclusion as 
well as the relevance and validity of 
their supportive experimental evidence, I 
offer a different explanation than theirs 
why their experimental data support their 
conclusion'. 
(2) Steady active transport of Na+ 
across frog skin requires continual r _egen-
eration of ATP through active cell metabo-
lism. 
This postulate has been experimen-
tally verified many years ago. Thus Huf 
(1936) demonstrated that exposure to 
cyanide promptly stopped active transport 
of Na + across frog skin. This finding was 
later confirmed by Ussing (1949) 2 • 
Koefoed-Johnson and Ussing 
demonstrated that while the electrical 
potential measured at the basal ( inner) 
surface of the isolated frog skin shows 
typical linear relationship to the loga-
rithm of external K+ concentration, the 
electrical potential measured at the 
apical (outer) surface is linearly related 
to the logarithm of external Na+ concen-
tration. Following conventional membrane 
theory, these electrical potentials were 
believed to be membrane potentials and 
their diverse sensitivity to various ions 
reflects the different permeability rates 
through the cell surface. In the AI hy -
pothesis (supported by extensive experi-
mental evidence) the surface potential is 
not "membrane potential". Rather, it is a 
surface adsorption potential due to the 
presence of fixed anionic sites (with 
different c-values) at the cell surface 
(Ling 1984 Chapter 14; 1990b, Chapter 11) . 
High c-value carboxyl groups gives rise to 
Na+ preferring electrical potential as 
seen in the apical surface of the frog 
skin; low c-value sites gives rise to K+ 
preferring electrical potential as seen in 
the basal surface . In the AI hypothesis 
the same surface anionic groups that give 
rise to the cell surface potentials, also 
function as the permeability-controlling 
fixed anionic sites shown in Figure 2. 
Edelmann has confirmed the identity of the 
carboxyl groups that give rise to the cell 
surface potentials and those that deter-
mine the ionic permeability (Edelmann, 
1973) 
In contrast, exposure of (uni-
facial) frog muscle cells to pure nitrogen 
(which blocks respiration) and iodoacetate 
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A sketch of the basic steps in the active 
transport of Na+ across the frog skin 
The following is a brief sketch of 
the sequential steps in the theory of 
active transport of Na+ from the external 
solution with a low Na+ concentration to 
the frog plasma with a high Na+ concentra-
tion (Figure 5) . 
(1) STEP 1. Na+ is taken up by the 
bifacial cells from the external solution 
through the apical surface, with high c-
value, Na+ preferring sites. Little Na+ 
enters the cell from the tissue fluid 
because the low c-value sites on the basal 
cell surface facing the tissue fluid, 
strongly rejects Na+ in favor of K+. 
Once inside the cytoplasm, the Na+ 
adsorbs primarily onto cytoplasmic high c-
value ~- and ~-carboxyl groups of intra-
cellular proteins, which are kept in the 
open, alkali-metal ion adsorbing confor-
mation by the binding of ATP on key cardi-
nal sites (see Figure 4). 
(2) STEP 2. The cardinal site adsorb-
ing ATP is also part of a Na, K-activated 
ATPase. This enzyme is inactive in the 
resting state of the cell. However, only 
after most of the high affinity-Na+ bind-
ing sites have been occupied, does the Na + 
binding site of the ATPase (with relative-
ly weak affinity for Na+) adsorbs Na + , 
thereby activating the ATPase. Dephos-
phorylation of the ATP follows. 
(3) STEP 3. Dephosphorylation of the 
ATP promptly leads to the cooperative 
desorption of the Na+ (including the Na + 
that has activated the ATPase) as well as 
the depolarization of the cell water. This 
depolarization extends to water occupying 
the basal cell surface (see Step 2 of 
Figure 4), but not the polarized water 
occupying the apical cell surface. (Indeed, 
throughout the cyclic changes involving 
the cytoplasm as well as the basal cell 
surface, the apical cell surface remains 
unchanging). 
The result of the water depolariza-
tion is like the opening of a flood gate 
to the inner basal cell surface. The 
(which blocks glycolysis) in addition to 
cold temperature (0°C) (which slows down 
postulated pumping more then passive 
diffusion) failed to produce significant 
changes in the concentration of K+ or Na+ 
in frog muscle and other frog tissues 
after as long as 7 hours (Ling, 1952, p. 
765; Ling, 1962, p. 200). 1 mM sodium 
cyanide added on top of pure nitrogen and 
iodoacetate and low temperature produced 
no change either (Ling 1962, p. 202). The 
strong dichotomy in the responses to 
metabolic poisons offer further evidence 
that solute distribution in resting cells 
in general and transport across bifacial 
cells are not expressions of the same 
mechanism. 
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Figure 5. Diagrammatic illustration of a 
four-stage active transport model for 
solutes (solid triangles) from the source 
aqueous phase in contact with the mucosal 
surface (at right) to the sink aqueous 
phase in contact with the serosal surface 
(at left) of a bifacial-cell system. 
Stage 1: Assymmetrical entry from 
mucosal surface; cooperative adsorption on 
sites under ATP domination, 
stage 2: Last adsorption triggers ATP 
splitting; Cooperation desorption and 
water depolarization; High mucosal perme-
ability. 
Stage 3: Diffusion outward through 
depolarized serosal surface affecting 
transport. 
Stage 4: Regeneration and adsorption 
of ATP. 
(From Ling (1989), by permission of 
Physiological Chemistry and Physics]. 
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desorbed Na+ rapidly diffuses through the 
depolarized basal cell surface, into the 
tissue fluid bathing the inner surface of 
the basal cell membrane. The transport of 
Na+ from the external solution to the 
tissue fluid of the frog is thus accom-
plished. 
(4) STEP 4. Regeneration of ATP takes 
place and is followed by its reabsorption 
on the cardinal site. This adsorption in 
turn brings about a return of the protein 
to its resting open conformation, polariz-
ing deep layers of cell water. Its unmasked 
high c-value ~-and ~-carboxyl groups are 
once more ready to adsorb more Na+ from 
the external solution as the cycle once 
more returns to STEP 1. 
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Discussion with Reviewers 
G.A.J. Kuijpers: According to the theory, 
the fixed anionic groups in the cytosol 
serving to adsorb monovalent cations would 
prefer K+ over Na+ if their c-value is 
low. K+ would therefore enter the cell 
readily and Na+ would be excluded. Howev-
er, the concentration of extracellular Na+ 
in tissue fluid is usually much higher 
(ca. 25 x) than the K+ concentration. Is 
the difference in association energies of 
the two cations enough to overcome this 
concentration difference and achieve the 
accumulation of K+? 
Author: The answer is yes. The difference 
in the association energies can adequately 
account for the selective adsorption of K+ 
over Na+. 
Take the case of frog muscle. Frog 
plasma contains about 100 mM of Na+ and 
2.5 mM of K+, giving a ratio of Na+/K+ of 
40. At 25°C the intrinsic eauilibrium 
constant for the K+ and Na+ adsorption 
exchange is 135 ± 29 (Ling and Bohr, 
Biophys. J. 10: 519). Now, if the adsorp-
tion of K+ and Na+ on the intracellular 
low c-value ~- and ~-carboxyl groups 
follows the simple Langmuir adsorption 
isotherm, then the theoretically expected 
ratio of cell K+ over cell Na+ is 135/40 = 
3.38. In fact the average intracellular K+ 
and Na+ concentration in leopard frog 
muscle (Rana pipiens pipiens, Schreber) 
are, respectively, 85. 8 mmoles and 24. 9 
mmoles per kilogram of fresh cells <Ling 
1962, Table 9.2). The K+/Na+ ratio is 
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85.8/24.9 = 3.45, in agreement with the 
figure calculated. 
In fact, the phenomenon involved is 
more complex. Thus a substantial part of 
the cell Na+ is not adsorbed but free; and 
the K+/Na+ adsorption is more accurately 
described by the Yang-Ling cooperative 
adsorption isotherm { see Ling and Bohr, 
op. cit.) than by the Langmuir isotherm. 
Nonetheless, there is excellent quantita-
tive agreement between the predictions of 
the more powerful Yang-Ling isotherm and 
the experimental data, not only for a 
variety of living cells in their normal 
ionic environments but also in artificial 
media containing different concentrations 
of K+ and Na+ {Ling 1984, Table 11.4 on p. 
347) {for comprehensive reviews on the 
subject, see Ling 1984, Chapter 11; 1990b, 
Chapter 8). 
Parenthetically, the first sentence 
in the question is not totally correct. 
Only in part is the exclusion of Na+ due 
to its failure to compete successfully for 
the anionic sites (i.e.,~- and ~-carboxyl 
groups of suitably low c-value). The other 
cause for the low concentration of Na+ in 
living cells {according to the associa-
tion-induction hypothesis) is its partial 
exclusion from the cell water, all or 
virtually all of which exists in the state 
of polarized multilayers with reduced 
solvency for solute in a size-dependent 
manner {see Ling 1988a, 1988b for brief 
summary; Ling 1990b, Chapter 5 for full 
presentation). 
G.A.J. Kuijpers: What is a Na+ {or K+) 
preferring electrical potential and how is 
it established? Please give a reference to 
the "extensive experimental evidence". 
Author:A K+-preferring electrical poten-
tial is one that is created by a cell {or 
model) surface, carrying fixed anionic 
sites that preferentially adsorb K+ over 
Na+ (e.g., ~- and ~-carboxyl groups at a 
suitable low c-value, see Figure 1). AK+-
preferring electrical potential is depo-
larized by a higher external K+ concentra-
tion to a much greater degree than by a 
similar concentration of external Na+. 
A Na+-preferring electrical poten-
tial is one created by surface anionic 
sites strongly preferring Na+ over other 
alkali-metal ions (e.g.,~- and ~-carboxyl 
groups at a high c-value, Figure 1) .A Na+-
preferring electrical potential is depola-
rized to a higher degree by a high con-
centration of external Na+ than by the 
same concentration of external K+. 
The substance and/or references to 
the extensive experimental evidence re-
ferred to, is given in a number of publi-
cations {Ling, 1978; 1982; 1983; 1984; 
1986; 1990b). 
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Ling GN (1982) The cellular resting 
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esis. Physiol Chem Phys 14: 47-96. 
Ling GN (1983) The molecular mecha-
nism of cellular potentials. In: Structure 
and Function in Excitable Cells, Chang DC, 
Tasaki I, Adelman WJ, Leuchtag HR (eds), 
Plenum Publ Co, New York, pp 365-382. 
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(eds), Plenum Publ co, New York, pp 45-68. 
G.A.J. Kuijpers: In Stage 1, do you dis-
tinguish between Na+ preferring sites 
involved in uptake of Na+ from the exter-
nal solution and the adsorbing sites on 
cytoplasmic proteins that also bind ATP? 
Are these sites present in different cell 
areas or compartments? 
Author: The answer is "Yes" to both ques-
tions. The sites selectively admitting 
external Na+ are different from sites 
involved in the ATP-controlled, cyclic 
adsorption of Na+. The sites selectively 
admitting Na+ are located in the source-
side-facing, mucosal cell membrane. The 
cyclic adsorption-desorption sites, car-
ried on Sponge Protein(s}. can be located 
anywhere else in the cell as long as they 
are functionally linked to the sink-side-
facing, (serosal) cell surface by the 
propagated inductive effect, also known as 
the indirect F-effect. (see Ling 1990b, 
Section 7. 3. 3. ) . 
G.A.J. Kuijpers: What is the "tissue fluid 
bathing the inner surface of the basal 
cell membrane"? 
Author: This is the fluid which functions 
as the "sink" in the actively transported 
solutes or water across the epithelium. 
G.A.J. Kuijpers: After desorption of Na+ 
and depolarization of the water the Na+ is 
supposed to diffuse into the tissue fluid 
{Stage 3). Would this mean that the intra-
cellular Na+ concentration would {locally) 
become higher than in the tissue fluid? 
Author: Yes. 
G.A.J. Kuijpers: If this is so, why then 
does Na+ not diffuse back to the apical 
cell side and into the external solution 
which has a much lower Na+ concentration 
than the tissue fluid? 
Author: Since locally, the intracellular 
free Na+ concentration reaches levels 
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higher than the Na+ concentration in both 
the tissue fluid and the external solu-
tion, there is "diffusion heads" for the 
liberated Na+ to move both ways. That the 
great majority of the Na+ ions released 
from the adsorption sites "chooses" to 
diffuse inward into the tissue fluid 
rather than outward to where they came 
from, follows as a consequence of the 
(momentarily) widely different permea-
bility to Na+ at the serosal and the muco-
sal cell membranes. Thus while the in-
tensely polarized water in the mucosal 
cell membrane remains polarized, thus 
continuing to block and prevent the en 
masse outward movement of Na+; (transient) 
depolarization of the intensely polarized 
water leaves the serosal cell membrane 
"wide open" to the passage of Na + ( and 
other materials) into the tissue fluid. 
To provide some quantitative insight 
into the vast influence of water polariza-
tion on solute permeability, I may mention 
that the passive permeability of (inver-
ted) frog skin to the larger sucrose 
molecule is more than 4 orders of magni-
tude-- or more precisely, 22400 times--
smaller than to the smaller labeled water 
molecules [Ling GN, Biophys. J. u: 807 
(1973), p . 811]. A large difference also 
exists between the permeability to sucrose 
and to water through a membrane of man-
made activated cellulose acetate contain-
ing wide pores (diameter about 45 A) 
filled with intensely polarized-water 
(ibid). Yet depolarization of the (polar-
ized) water in both systems would effec-
tively eliminate the vast difference 
between sucrose and labeled-water permea-
bility, because the diffusion coefficient 
of sucrose in normal (depolarized) water 
is only 4. 67 times smaller than that of 
labeled water (Ling 1990b, Section 
9. 1. 2 . ). 
Now sucrose and (hydrated) Na+ resem-
ble each other i n that both are strongly 
excluded by polarized water within living 
cells and model systems [see Ling and 
Ochsenfeld, Physiol. Chem. Phys . & Med. 
NMR 15: 127 (1983); 21:19 (1989); Ling and 
Hu, ibid. 20: 293 (1988)]. Therefore one 
could anticipate that depolarization of 
the water of the serosal cell membrane 
would be like opening a flood gate to the 
en masse movement of Na+ into the tissue 
fluid. 
G.A.J. Kuijpers: You argue that this is 
because of the lack of water depolariza-
tion at the apical cell surface, but if 
this makes the apical cell surface appa-
rently impermeable to Na+, how then could 
Na+ enter the cell on this side in the 
first place? Can you explain this? 
Author: Yes, I can. The key to the answer 
lies in a difference in the degree of 
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heightened permeability to Na+. Thus al-
though the mucosal surface is selectively 
permeable to Na+, each entering and exit-
ing Na+ must adsorb onto, librate around 
and desorb from the fixed high-c-value 
anionic sites--all these movements occur-
ring in and slowed down by the intensely-
polarized water. So one may liken the 
outward diffusion of Na+ through the muco-
sal membrane to the officially approved, 
westward travel of Czechs from their 
native country, say five years ago. Inward 
movement of Na+ through the depolarized 
water of the serosal surface, on the other 
hand, is like the en masse exodus of 
Czechs after the removal of the barbed-
wire fence at the Czech border. 
In addition to answering this speci-
fic question the model described also 
offers new interpretations for some well-
known old observations (see Ling, 1981b, 
p. 378-379): 
(i) Since the cyclic cooperative 
adsorption-desorption of Na+ can be expec-
ted to involve (cyclic) adsorption-desorp-
tion of water ( see Figure 4, also Ling 
1990b, Chapter 7), the model offers a 
possible explanation for the phenomenon of 
"isotonic water transport" which, as 
pointed out by reviewers, Ussing and Leaf: 
"has intrigued workers in the transport 
field for years, and a final solution is 
not in sight" (Ussing and Leaf in "Trans-
port Across Multi-Membrane Systems" ed. G. 
Giebisch, Springer-Verlag, New York, 1978, 
Vol. III, p. 21). 
(ii) If complexes of backbone NHCO 
groups in conjunction with (or without) 
some side chain functional groups of the 
cyclic Na+ adsorption-desorption prot-
ein(s) - - or sponge protein(s)-- offer 
specific adsorption sites for sugars, 
amino acids or other molecules in the open 
conformation (Figure 4B), but not in the 
closed conformation (Figure 4A), then one 
may expect to witness the kind of Na+-
dependent co-transport of Na+ with sugars 
(Crane, Fed. Proc. £1_: 1000, 1965; Csaky 
and Thale, J . Physiol. 151: 59, 1960), 
with amino acids and with other molecules 
(for review, see Schultz and Curran, 
Physiol. Rev. 50: 637, 1970); (see also 
the answer to the first question by Von 
Zglinicki below). 
G.A.J. Kuijpers: Does your model somehow 
imply cyclic changes in the cytoplasmic 
free Na+ concentration and/or permeabil-
ities of the limiting membranes? 
Author: Yes, it does. In fact, this point 
as well supportive evidence have been 
explicitly discussed elsewhere nearly ten 
years ago (Ling, 1981b; 1984, p. 591). For 
additional discussion on the subject of 
cyclic changes, see answer to the fourth 
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question of Reviewer III and the third 
question of Dr. Gascayne, below. 
G.A.J. Kuijpers: Where, in your model, is 
the Na+-K+-activated ATPase located. 
Author: It can be located anywhere as long 
as it is not located in the outside-facing 
rnucosal membrane and as long as it is 
functionally linked to the inside-facing 
serosal membrane (see answer to the second 
question of Reviewer III below). 
T. von Zglinicki: The main transport 
pathway for anions, e.g., c1 -, is generally 
thought to be transcellular. What would be 
the transport mechanism for cl-according to 
your hypothesis? 
Author: The basic molecular mechanism of 
adsorption and desorption of Na+ diagram-
matically illustrated in Figure 4 can also 
explain co-transport of equal amounts of 
Na+ and c1- observed by Diamond in fish 
gallbladder (J. Physiol. 161: 474, 1962}. 
If one considers x + in Figure 4 to repre-
sent Na+ and y- to represent c1 -, an equi-
rnolar concentration of Na+ and cl -will be 
slowly taken up and rapidly released, and 
with depolarization of the serosal mem-
brane water, c1 - will also be transported 
to the tissue fluid. It is obvious that 
for the active transport of c1 - to take 
place, the rnucosal surface must be much 
more permeable to cl -than the serosal sur-
face during the adsorbing phase (Phase 1). 
T. von Zglinicki: Your hypothesis assumes 
a long-range polarization by ATP binding, 
Do you have experimental evidence for 
that? 
Author: The answer is Yes. I do have 
experimental evidence. But before describ-
ing this evidence, I think it appropriate 
to comment on the myth and facts about 
this, perhaps the most important small 
molecule in living phenomena, ATP. 
It was (and, unbelievably as it may 
seem, still is) believed that ATP contains 
large amount of utilizable energy-- some -
12 kCal/mole in magnitude--in its special 
phosphate bonds, the so-called high-
energy-phosphate bonds. Yet 30 years have 
gone by since this idea was shown to be 
incorrect (Podolsky and Morales (1956) J. 
Biol. Chern. 218: 948; George and Rutman 
(1960) Prog. Biophys. Biophys. Chem. 10: 
1). Notwithstanding, in life ATP is as 
important as ever. 
As a way to get us out of this appar-
ent dilemma, I pointed out that although 
ATP does not contain a large package of 
utilizable energy in its phosphate bonds, 
it is capable of strong interaction with 
key intracellular proteins. Thus the 
adsorption constant of ATP on the main 
intracellular protein in voluntary muscle 
cells, myosin-- which offers most of the 
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adsorption sites for the cell's K+, see 
Ling 1990a--is between 10 10 to 10 11 , equiva-
lent to a free energy of adsorption of -14 
kCal/mole. 
In the AI hypothesis, it is through 
this strong adsorption per se--not involv-
ing its hydrolytic degradation--that ATP 
serves its main function as a key com-
ponent for the maintenance of the living 
state. To achieve this goal, ATP, like 
many other cardinal adsorbents--affects 
near and far neighboring functional groups 
of the protein through the so called 
indirect-F effect. 
The indirect F-effect represents an 
elaboration on the basic mechanism of the 
short-range inductive effect (which can be 
effectively transmitted through at least 
one peptide linkage in addition to one 
short side chain, see Ling 1990b, Chapter 
6). The effect of the adsorption of ATP 
reaches remote sites through the self-
generating, sequential interplay of short-
range electrical polarization (induction) 
of neighboring NH or co groups and a 
consequent exchange of the partners of the 
backbone NH and CO groups (e.g. , change 
from the NH.QC pair in an a-helical con-
formation to the water-adsorbing "fully 
extended conformation") . For full under-
standing how such a propagated change can 
bring about the uniform changes of the c-
value of /3-and -y-carboxyl groups, I can 
only recommend my monograph soon to be in 
print (Ling, 1990b). Returning to your 
question, I present the following evi-
dence. 
(i) Hemoglobin. The adsorption of one 
molecule of ATP on hernoglobin--which has 
no ATPase activity--changes the affinity 
of 4 heme groups located in distant parts 
of the 4 hemoglobin chains (Chanutin and 
Curnish (1967) Arch. Biochem. Biophys. 
121: 96; Benesch and Benesch (1967) Fed. 
Proc. l...§.: 273). Concomitantly, ATP adsorp-
tion also increases the Bohr effect, and 
drive the dimer-tetrarner equilibrium 
toward the tetramer conformation (Ruckpaul 
et al. (1971) Biochem. Biophys. Acta 236: 
211}. For a full account of other concomi-
tant changes of a hemoglobin molecule 
interacting with ATP, see Ling, 1990b, 
Section 7.4.3). 
(ii) Aurovertin-F 1-ATPase complex. 
Tyrosine and tryptophane residues in 
polypeptide and proteins fluoresce. Enhan-
cement or quenching of this fluorescence 
follows respectively the introduction of 
electron-donating or electron-withdrawing 
groups even when these groups are separat-
ed from the fluorescing rings by stretches 
of polypeptide chains and length of short 
saturated fatty acid chains (Ling 1990b, 
Section 6.2.3.). 
Aurovertin, an antibiotic, fluoresces 
more strongly when combined to the enzyme 
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protein, F1-ATPase than when it is free. 
Fluorescence of Aurovertin-F 1 declines 
sharply when ATP adsorbs onto the F 1-ATPase 
(while the binding of ADP produces the 
opposite effect). This observation not 
only confirms that ATP adsorption on a 
protein may influence the properties of 
remote functional groups, even though this 
functional group is itself adsorbed and 
not an integral part of the protein . In 
addition, it also shows that in this case 
at least, that ATP functions as an elec-
tron-withdrawing cardinal adsorbent or 
EWC. [see Ling (1981b) p. 81; Ling 
(199Gb), Section 8.4.2.3. ) . 
Reviewer III: Anyone familiar with intra-
cellular ions in epithelial tissues or 
knowledgeable about the physiology of Na 
transport will have a hard time to see how 
the association-induction hypothesis could 
fit the available data. Aren't there 
opening and closing Na channels as re-
vealed by noise-analysis or direct patch-
clamp recording ? 
Author: It is not easy to answer this 
question because Reviewer III did not 
inform me where is the location of the Na 
channels that open and close . However, I 
may presume that he is discussing the 
focal subject of my paper : active trans-
port of Na + through the frog skin. If so, 
then the Na channels can only be either in 
the mucosal membrane or in the serosal 
membrane. Let us begin with the mucosal 
membrane . 
Most frog live in fresh water ponds. 
The Na+ concentration of fresh water is 
low and varies. MacRobbie ( in Membrane 
Transport in Biology, ed. G. Giebisch, Vol 
III, p. 97, 1978) gave a range: 0.2 to 1.0 
mM. I cannot locate data on the Na+ con-
tent of the frog skin epithelial layer . 
Fortunately , there is considerable simi-
larity between frog skin epithelium and 
toad bladder epithelium especially after 
equilibration of the one surface to a 
Ringer solution and the opposing surface 
to a Na-free medium as MacKnight et al did 
(J. Membrane Biol. 20: 365, 1975). These 
authors found a Na concentration of about 
10 mM in the epithelial cell water. If the 
frog skin has a similar Na+ content, then 
opening of the postulated Na channel will 
lead to a loss of Na+ from the epithelium 
to the pond water--which is in the wrong 
direction. 
The other surface of the frog skin, 
however, is bathed in tissue fluid con-
taining a concentration of Na+ much higher 
than lOmM. Opening of the postulated Na 
channels here would effectively lead to an 
influx of Na+ into the epithelial cells--
again in the wrong direction. 
Now, if such opening and closing Na 
channels exist in both the mucosal and 
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serosal surface of the frog skin, their 
conjoint activities will eventually de-
plete the frog of its Na+ (see also answer 
to Dr . Gascayne's first question below). 
Na-channel opening and closing are 
concepts that began in neurophysiology. 
Here, the opening (and closing) of postul-
ated Na channels were suggested to provide 
the mechanism for the observed "initial Na 
current" and hence the "spike" during an 
action potential. 
Comparing Na transport in nerve and 
epithelia, reviewer Ussing and Leaf ob-
served that whereas the nerve membrane is 
only transiently open to Na+, (the frog 
skin and other epithelia are steadily so), 
and that"··· (Na entry into nerves) can 
be inhibited by tetrodotoxin, which does 
not influence epithelial sodium transport, 
whereas the typical inhibitor of sodium 
entry into epithelia, viz. amiloride, doe 
not influence sodium entry in excitable 
cells" (Ussing and Leaf in "Membrane 
Transport in Biology", eds. Giebisch, 
Tosteson and Ussing, Springer, New York, 
1978, vol III, p . 12). 
Reviewer III: Isn't there a membrane 
protein called Na/K-ATPase whose turnover 
of ATP has been shown to be closely linked 
to transepithelial Na transport? 
Author: The Na+ and K+ activated ATPase 
plays an important role in the active 
transport model described here so if the 
functional activity of the ATPase can be 
closely lin k ed to the transepithelial Na 
transport, it would offer support for this 
model. 
---As mentioned in the answer to Dr. 
Kuijpers' last question, the only location 
where the Na,K-activated ATPase is postul-
ated not to be is the outer mucosal mem-
brane facing the pond water. In fact, 
there are experimental observations that 
support this prediction: (i) Rotuno et al. 
had shown the Na/K activated ATPase to be 
evenly distributed throughout the thick-
ness of the whole skin [Rotuno, Pouchan 
and Cereijido (1966) Nature 210: 597), 
( ii) Farquhar and Pa lade [J. Cell Biol. 
lQ: 359, 1966) showed with a histochemical 
technique the Na/K activated ATPase to be 
present in all inward-facing membranes but 
not outward facing membranes, in agreement 
with the prediction of the AI hypothesis 
of active transport across bifacial cells. 
Reviewer III: What is the evidence for 
folded or unfolded proteins actually 
spanning the distance between apical and 
basal cell membranes? 
Author: The cyclic adsorbing-desorbing 
protein(s), or "sponge protein(s)" do not 
reach the mucosal membrane (see below). In 
theory, the "sponge proteins" could be 
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located exclusively in the serosal mem-
brane as I had pointed· out before (Ling 
1982, p. 377; 1984, p. 592). However, 
experimental data in the literature sug-
gest a more pervasive presence. 
(1) The rates of transport of K+ and 
Na+ by isolated Malpighian tubules of the 
insect, Rodnius are strongly correlated 
with the total intracellular concentration 
of the transported ion. (Maddrell in 
"Membrane Transport in Biology" eds. 
Giebisch, Tosteson, and Ussing, Springer, 
New York, 1978, Vol III, p. 250). If the 
cyclic adsorpting-desorbing "sponge pro-
tein (s)" occupy only a small region of the 
cell, and the K+ or Na+ these proteins 
handle accordingly makes up a correspon-
dingly small portion of the total K+ or 
Na+ contents, no such strong correlation 
would be expected. (As a model, consider 
the migration of wild geese from a large 
northern lake during the molting season. 
Clearly one would not expect the number of 
departing geese per day to be strongly 
correlated to the total number of geese in 
the lake, since most of them are molting 
and unable to fly.) 
(2) The rate of net transport of Na+ 
in perfused Necturis kidney cells is 
linearly related to the total intracellu-
lar Na+ concentration (Spring and 
Giebisch, J. gen. Physiol. 70: 307, 1977). 
For the same reason cited above, no such 
correlation would be expected if the 
adsorbing-desorbing "sponge protein(s)" 
make up only a small part of the cell 
protein and accordingly handle a small 
part of the cell Na+. 
(3) After injection of labeled K+ 
into rabbits, the specific activity (aK/K) 
of urinary K+ rapidly approached that 
found in the kidney tissue but does not 
follow the specific activity of the arte-
rial plasma (Morel, Proc. 1st Intern. 
Congress of Nephrology, Karger, Basel, p. 
16, 1961). If the K+ the "sponge pro-
tein(s)" handles make up only a small part 
of intracellular K+ (virtually all ad-
sorbed), it would be the other way around. 
The urinary specific activity should 
closely follow that in the blood plasma 
rather than that in the kidney tissue. 
In summary, these three sets of 
experiments in an unanimous way suggest 
that the "sponge protein(s)" make up a 
major share of the intracellular ion 
adsorbing proteins. 
Reviewer III: How are these proteins 
synchronized so that desorption by one 
protein does not lead to adsorption by 
another protein? 
Author: In answer, I would begin with a 
model. Consider 25 ml of a 5% solution of 
human hemoglobin. There are 11.3 trillion 





Figure A. Cyclic release of K+ and H+ in a 
suspension of isolated liver mitochondria 
solution. Yet when we study the uptake of 
oxygen by this protein, the experimental 
data can be precisely described by the 
Yang-Ling adsorption isotherm, using only 
3 constants: (i) the total number of 
adsorption (heme) sites, (ii) the intrin-
sic adsorption constant, K00 and (iii) the 
nearest-neighbor-interaction-energy, [-
-y/2], which is related to the empirical 
Hill coefficient n by: 
n = exp (- -y/2kT) 
where k is the Boltzmann constant, and T 
the absolute temperature] (see Figure 28 
in Ling 1969 or Figure 7 in Ling, 1980). 
This uniformity persists if the hemoglobin 
is returned to their natural environment 
in living red blood cells. Why do these 
many protein molecules in solution and in 
the red blood cells behave as if they were 
a single molecule? This is the magic of 
very large number of highly similar units, 
like trillions upon trillions of "iden-
tical twins". Having demonstrated that 
large number of highly similar protein 
molecules can behave in a highly uniform 
manner, I shall demonstrate next that the 
protoplasmic protein-water-ion system has 
the inherent capability of highly synchro-
nized cyclic adsorption and desorption of 
monovalent cations, like that postulated 
for the "sponge protein(s)". 
Figure A, reproduced from Gylkhan-
danyan et al. (FEBS 66: 44, 1976) shows 
the cyclic release and uptake of two 
monovalent cations, K+ and H+ in a sus-
pension of isolated liver mitochondria in 
response to strontium ion, sr++. 
There is now extensive and essen-
tially unanimous evidence that the bulk of 
K+ in living cells (and their subcellular 
compartments) is adsorbed on (3- and -y-
carboxyl groups. Indeed, as of this time, 
there is no more doubt in my mind about 
the adsorbed state of cell K+ than about 
the bound state of oxygen in arterial red 
blood cells (for an up-to-date review of 
the large literature on K+ adsorption, 
obtained largely in the last decade, see 
Ling, 1990b, Chapter 4; for a shorter 
review, see Ling 1990a). There is also 
little question that both the outer and 
inner membranes of the rat liver mitochon-
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dria are highly permeable to K+ as well as 
to H+ (see Ling 1981a, p. 39-43). 
The adsorbed state of the bulk of K+ 
in the mitochondria, and the high perme-
ability to both K+ and H+ of the mitochon-
drial membrane taken together restricts 
the sr++_induced synchronized cyclic re-
lease and uptake of these two cations as 
the result of cyclic adsorption and de-
sorption from the intramitochondrial 
proteins. 
The observation shown in Figure A 
then leaves little doubt that perfectly 
synchronized adsorption-desorption cycles 
of alkali - metal ions can occur in living 
protoplasmic systems, adding reassuring 
support for the model of epithelial trans-
port described in my paper (see also 
answer to Dr. Gascayne's third question). 
P. Gascayne: The structure of epithelia 
proposed in your model would have implica-
tions for conductance behaviors of small 
epithelial patches in the absence of ATP. 
At the time of writing there are more than 
thirty articles in the literature that 
have reported the electrical conductivity 
of various epithelial patches. Several of 
these papers show clear evidence that the 
current flowing across such patches is not 
only quantized but jumps between quantized 
levels that are independent of the size of 
the patch. This is taken to imply the 
existence of discrete ion channels with 
distinct on/off conductance character-
istics. How do you rationalize the exis-
tence of quantized epithelial conductance 
states in your model? 
Author: In the AI hypothesis both the cell 
membrane and cytoplasm represent closely 
associated, cooperatively-linked proteins-
water-ions systems, even though there 
tends to be more lipids in the cell mem-
brane than in the cytoplasm (for the 
extensive data on this subject, see Ling 
1990b, Chapter 9). It is the autocoopera-
tivity that underlies their all-or-none 
"quantal" type of transitions of the 
protein-water-ion systems between alterna-
tive states. The transition may be trig-
gered by a change of external concentra-
tion of the ligand (as in oxygenation and 
deoxygenation of reed blood cells) or, in 
a constant environment, triggered by the 
adsorption or desorption of a cardinal 
adsorbent, including ATP. 
It is conceivable that the observed 
step-wise conductance changes after the 
incorporation of membrane patches into 
lipid bilayers is related to the postu-
lated autocooperative change of the patch 
of cytoplasm-serosal-membrane system 
triggered by ATP hydrolysis in the AI 
model but I am not sure that I fully 
understand what the membrane-patch experi-
ments indicate. 
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Dixon Woodbury recently demonstrated 
that {pure} lipid vesicles when incorpora-
ted into planar lipid bilayers also pro-
duced stepwise conductance changes (both 
up and down), flickering, ion selectivity, 
and inactivation, even when the vesicles 
were prepared from pure synthetic lipids 
and even when they were prepared from the 
same kind of lipids as those making up the 
planar bilayer (J. Membr. Biol. 109: 145, 
1989). This finding, if confirmable, may 
indicate that it is the introduction of 
vesicles lipid or protein which 
gives rise to the observed phenomena. In 
that case, the data cannot be taken as 
evidence in favor of the existence of 
discrete ion channels in the membrane 
patches. 
P. Gascayne: While you give a clear expla-
nation of the manner in which an array of 
proteins might contract in the presence of 
ATP to develop a change in the activity of 
ions, there is no clear discussion of the 
way in which the system might reset it-
self. In particular, when ADP (or ATP) is 
subsequently released there is no barrier 
in you model preventing it from being 
excreted from the outer surface of the 
epithelium. It is quite well established 
that epithelia do not usually excrete ADP 
or ATP. How do you account for this? 
Author: First a minor correction: ATP 
binding favors the open (rather than the 
contracted) state. It is in the open state 
that the protein adsorbs Na+ and reduces 
its activity coefficient. 
On the subject of the conservation of 
ATP and ADP, my explanation is as follows: 
ATP does not diffuse away and become lost, 
because it binds strongly to the "sponge 
protein(s)" as it does on another cyto-
plasmic protein, myosin (see answer to Dr. 
von Zglinicki's second question). 
It is hypothesized that, as is true 
in the case of myosin again, that ADP 
binding on "sponge protein(s)" is much 
weaker (adsorption constant of ADP on 
myosin is 105) (see Ling 1990b, Section 
8.4.2.5.). However, it is a fact that 
mitochondria have very high affinity for 
ADP (see Lehninger "Biochemistry" 2nd ed., 
Worth Publishing Co, N.Y., p. 518). Thus 
ADP produced from ATP hydrolysis might 
leave the cyclic Na+ adsorbing "sponge 
protein(s)", enter the mitochondria where 
it is phosphorylated, and leave the mito-
chondria as ATP, which then readsorbs onto 
the· sponge protein(s)". 
In muscle, ATP regeneration is 
achieved through the activity of the 
enzyme, creatine kinase which phosphory-
lates ADP at the expense of creatine 
phosphate (CrP), found in muscle cells at 
a concentration 5 to 6 times that of ATP. 
But there is as a rule very little CrP in 
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tissues other than muscle and nerve. We do 
not know if the same system also operates 
in bifacial epithelial cells. 
P. Gascayne: Each individual protein 
subunit of your epithelial array must be 
highly evolved to contain both ATP-binding 
sites and the ability to work in synchron-
ization. Apart from the synchronization 
aspect in your model being traded for the 
translocation aspect of the ion pump 
model, each of your protein subunits has 
much in common, there, with current models 
of single ion pumps. Given that the elec-
trical potential differences across epi-
thelia seem to serve a biological func-
tion, what evolutionary advantage would 
have been gained by developing a sophisti-
cated sponge of highly-evolved, coordinat-
ed proteins to produce such a potential as 
opposed to a much smaller number of equal-
ly, evolved, independent pumps located in 
a more inert and energetically "cheaper" 
to synthesize "lipid bilayer membrane"? 
Author: I welcome this question. For, in 
fact, Dr. Gascayne is asking in a kind and 
gentle way the question, "Why do we need a 
new theory, when the old one is doing just 
as well?" 
The similarity observed by Dr. 
Gascayne is between the model I presented 
(to be referred to as the AI model) and 
the Ussing-Koefoed-Johnson two-membrane 
model (to be referred to as the UK model). 
I now proceed to show first that the UK 
model is doing not as well as Dr. Gascayne 
thinks; and second that the AI model does 
a lot better. 
(1) The UK model is built squarely on 
the conventional membrane-pump theory of 
the living cell, according to which the 
characteristic levels of solutes in living 
cells are maintained by the ceaseless 
activities of a battery of energy-consum-
ing pumps located in the cell membrane. 
There is now extensive and undisputed 
evidence that this model is not tenable 
(for a full account of the galaxy of these 
evidence see Chapter 2 of Ling, 199Gb; for 
brief and necessarily incomplete review, 
see Ling 1962, Chapter 8; 1977, 1988b; 
Ling and Negendank, Persp. Biol. Med. n: 
215, 1980) . 
(2) The membrane pump in general and 
the sodium pump in particular are just 
words. Despite their long history, there 
has never been presented molecular mecha-
nism (s) for the postulated pump(s) that 
is, mechanisms compatible with the funda-
mental laws of physics, and hence exclud-
ing physics-incompatible Maxwellian-demon 
type of mechanisms (e.g., Anner, FEBS 158: 
7, 1983). ( For those interested in a 
"second opinion" on the lack of proposed 
mechanism for the Na+ pump, see concluding 
sentence (p. 346) of the section on "The 
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Pump Theory" (Biol. Syrop. _J_: 331, 1941) 
from Dean, the widely credited founder of 
the pump theory; or the third sentence in 
the opening paragraph of Glynn and 
Karlish's first-of-its-kind review on "The 
Sodium Pump" (Ann. Rev. Physiology TI: 13, 
1975). 
In contrast the AI model of active 
transport is built upon and indeed a 
logical extension of the association-
induction hypothesis proper, which is in 
full harmony with physical laws. All its 
major postulates were derived from modern 
physics (in particular the branch, called 
Statistical Mechanics) and have been 
verified on inanimate models (see Chapter 
12 of Ling 1990b). 
I conclude this Discussion with 
Reviewers with a reference to the work of 
Naito and Kaneko (Science 176: 523, 1972) 
who demonstrated ATP-(and Mg++)-induced 
synchronous beating of the paramecium 
cilia which propelled the (dead) paramecia 
to swim in the forward direction after the 
cell membranes of the paramecia had been 
destroyed by prior treatment with the 
detergent Triton X-100. These data (in 
addition to Figure A) show that the proto-
plasmic protein-water-ion system developed 
the ability of producing synchronous 
activities in response to ATP, long long 
ago in the evolutionary process. 
